Mild traumatic brain injury, commonly known as concussion, occurs frequently in children while playing sports. Whereas the negative impact of sport-related concussions on cognitive function is well known, the effects of concussions on sensorimotor function, especially in children, remain largely unknown. In this observational/case study, we investigated the association between neurocognitive function, assessed using a trail making test, and sensorimotor function, assessed using a visuomotor adaptation task, in three children who suffered from a concussion while playing sports. For the trail making test, children drew lines to connect numbers and letters alternately on a page. For the visuomotor adaptation task, children performed targeted reaching movements repeatedly under a novel visuomotor condition in which the visual display of reaching movements was rotated 30 degrees about the start position. Their neurocognitive and visuomotor performances were compared to those obtained from three children without a concussion. Results showed that only one of the three concussed children showed a score from the trail making test that was worse than the scores obtained from control subjects. However, the pattern of visuomotor adaptation observed in the concussed children was different from that observed in the control subjects in several ways. These data indicate that the concussed children may have some deficits in terms of their sensorimotor function as compared to the control subjects. Our findings provide preliminary data that suggest that children with concussion may have sensorimotor impairments even when they do not seem to have neurocognitive impairments.
Introduction
Pediatric concussions have been shown to negatively affect neurocognitive function, including poor attention span, impaired memory and learning difficulties [1] [2] [3] . However, the association between pediatric concussion and sensorimotor function has not been investigated. Understanding motor learning impairment following sportrelated concussion in children may be critical in guiding safe return to play. In this short observational/case study, we investigated the pattern of adaptation to a novel visuomotor condition in three children who suffered a concussion while playing sports, and compared their adaptation patterns to those obtained from three children without a concussion. A research paradigm in which individuals adapt to a novel visuomotor condition during reaching movements has been employed extensively in the neuroscience community to understand the neural processes that underlie motor learning in both adults 4, 5 and children 6, 7 .
We also examined neurocognitive function of both the concussed children and the control children using an assessment technique called the trail making test (TMT). TMT (part B) is a traditional paper assessment that times subjects as they draw lines to connect numbers and letters alternately on a page. TMT is a validated assessment of concussion, and tests cognitive demands that are also important for sports, including psychomotor processing, visual motor/spatial abilities and mental flexibility 8, 9 .
The purpose of this observational/case study was to determine qualitatively whether concussed children with neurocognitive impairments, as indicated by the TMT scores, would also demonstrate sensorimotor deficits, as indicated by the visuomotor adaptation patterns.
Methods
Three children (15 years old, one male (cc3)), who presented to the Emergency Department at the Children's Hospital of Wisconsin within 24 hours from the time of injury and who received a diagnosis of concussion (Glasgow Coma Scale ≥ 14), participated in this study. None of the three children had a concussion previously. They visited the Neuromechanics Laboratories at the University of Wisconsin-Milwaukee (UWM) 5~8 days following the concussion. Their symptoms were not assessed on the day they visited UWM, although one of the patients (cc1) was not able to speak or walk normally at that time. Three children (12 (cc1), 14 (cc3) and 17 (cc2) years old, all males), who were recruited from the Milwaukee Metropolitan area, served as controls. Selection criteria for subjects were the same for both patients and controls (except their concussion status), which were: subject was 10-17 years of age, regularly participated in an athletic activity, was English-speaking, was right handed, and had no neurological disease or peripheral disorder affecting movement of the right arm. All subjects were recruited and tested in May 2015.
Upon arrival at UWM, the subjects were first administered with the TMT 8, 9 . Following that, they participated in the visuomotor adaptation experiment in which they performed rapid reaching movements from a start circle to a target repeatedly under a normal visuomotor condition (baseline) first, then under a novel visuomotor condition (adaptation). The baseline session (40 trials) was provided for the subjects to become familiarized with the general reaching task with unperturbed visual feedback. In the adaptation session (80 trials), the visual display of reaching movements was rotated 30 degrees counterclockwise about the start circle, such that a hand movement made in the "12 o'clock" direction resulted in a cursor movement made in the "11 o'clock" direction. Continuous visual feedback (in the form of a cursor) was provided throughout the movement in both sessions. A robotic exoskeleton called KINARM (BKIN Technologies Ltd, Kingston, ON, Canada) was used to provide the visuomotor rotation during the experiment and also to collect movement data. The 2-D position of arm segments was sampled at 1,000Hz, low-pass filtered at 15Hz, and differentiated to yield resultant velocity values. Data were processed and analyzed using MATLAB (The Mathworks Inc., Natick, MA) and SPSS.
To examine performance accuracy, we calculated direction error (DE), which was the angular difference between a vector from the start circle to the target and another vector from the hand position at movement start to that at peak arm velocity. Using the direction error data, we obtained the following measures for each subject: (1) DE at trial 1 in the adaptation session; (2) the first block of DE (i.e., mean of five consecutive trials) in the adaptation session that is not statistically different from the last block of DE in the baseline session; and (3) the rate of performance change during the adaptation session. To obtain the second measure, a priori pairwise comparisons, using t-tests, were made between DE at block 8 from the baseline session and DE at each of the 16 blocks from the adaptation session (starting from block 1). The alpha level was set at .05. To obtain the third measure, a line of approximation was constructed by fitting a logarithmic regression line to the adaptation data, and the slope value was used.
Ethics
All subjects and their parents signed the assent/consent forms approved by the Institutional Review Board of UWM (IRB# 15.172) .
Sample size
Because of the nature of the present study (i.e., observational/ qualitative/case study of concussed children), we only tried to recruit a small number of concussed children. We recruited all our subjects (three concussed children and three controls who met our selection criteria) within a 10-day window.
Amendments from Version 1
In this version, we emphasized the nature of this article (i.e., observational/qualitative/case study) in the introduction section, and provided additional information on the subjects in the methods section. In the discussion section, we included additional statements regarding a limitation of our study that was identified by the reviewer, which is that age and sex were not matched perfectly between the patients and the controls. Figure 1c illustrates neurocognitive data from all subjects, indicated by TMT scores. One concussed child (cc1) showed some cognitive slowing on visit 1, as compared with the controls, while the others did not.
See referee reports

REVISED
Results
The overall pattern of visuomotor adaptation, illustrated in Figure 1a and b, was somewhat similar between the patients and the controls. In fact, the patients' baseline performances do not appear to be worse than those of the controls. However, a close examination of the adaptation data revealed the following differences:
1. DE at trial 1 of the adaptation session was somewhat larger for the patients than the controls; and within-group variability for this measure was also larger for the patients (Figure 1d ). 2. The first block of DE in the adaptation session that was not statistically different from the last block of DE in the baseline session was observed much later in two of the patients than in the controls; and within-group variability for this measure was much larger for the patients (Figure 1b , e).
3. As indicated by the rate of performance change, it took longer for the patients than the controls to adapt to the visuomotor rotation; and within-group variability for this measure was slightly larger for the patients (Figure 1f ). This SPSS file contains kinematic data from 3 subjects in each of the two groups (CC indicating concussed children, CTL controls). Subjects (ss) experienced two experimental sessions (1 indicating baseline, 2 visuomotor adaptation condition). To compute mean direction errors (dir_err) across 5 consecutive trials, the numbers shown in column 'trial' were converted into the numbers shown in column 'block 2'. The numbers shown in column 'block 2' were used to make statistical comparisons between mean direction error from the last block of baseline session and that from each of 16 blocks of adaptation session within each subject. Rot_ang indicates the degree to which the visual display was rotated
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Discussion
TMT is a validated neurocognitive assessment of pediatric concussion 8, 9 . The average time to complete the TMT part B is 75 seconds in neurologically intact individuals; if the time is longer than 273 seconds, it is considered deficient 10, 11 . One concussed child who participated in our study completed the TMT part B in 98 seconds; and the other two children completed it in less than 50 seconds. According to the TMT scores, thus, one may conclude that all of the children who had a concussion 5 to 8 days prior to their participation in this study did not seem to have neurocognitive impairments.
The patterns of visuomotor adaptation observed in the patients, however, appear to be somewhat different from those observed in the controls. Specifically, the first block of DE in the adaptation session that was significantly different from the last block of DE of the baseline session occurred later in the patients than in the controls; and the rate of performance change was higher (i.e., slower adaptation) in the patients as well. These data indicate that the patients had more difficulty than the controls while adapting to the novel visuomotor rotation, which points to the possibility of sensorimotor learning deficits in the concussed children.
The present study has several limitations. First, all the children tested in this study were recruited in the Milwaukee Metropolitan area, which raises a possibility that they may not be the best representative of all children of the same age group. Second, we did not collect any information regarding our subjects' demographic and social statuses, which could be considered as potential confounding characteristics. Third, age and sex were not matched perfectly between the patients and the controls tested in the present study. However, we are not aware of any findings that indicate significant differences between boys and girls within the age range of 12-17 years with regard to their visuomotor adaptation capabilities. In addition, it has been shown that during targeted reaching movements under a visuomotor rotation condition, visuomotor representations of children who were 6 or 8 years old differed from those of adults, although those of 11 year-old children did not 12 . Our data do not seem to indicate sex-related differences either, in that the adaptation pattern of cc2 (15 year-old female) was very similar to that of ctls 1 and 3 (12 and 14 year-old males, respectively). Thus, while the potential effects of age-and sex-related differences between the patients and the controls cannot be completely excluded, it seems unlikely that our results were substantially influenced by such effects. Finally, we did not conduct statistical analyses to quantify the differences between the children with concussion and those without concussion, because the statistical results would not be very meaningful given the small sample size. Nevertheless, our data exhibited qualitative differences between the two groups of children that suggest sensorimotor deficits in concussed children. Further investigation is warranted to demonstrate quantitative differences between children with and children without concussion by utilizing a larger sample size.
In conclusion, the results from this study provide preliminary data indicating that children with concussion may have sensorimotor impairments even when they do not seem to have neurocognitive impairments. Given the importance of children's ability to rapidly adapt to the dynamic environments and task requirements throughout a sport, our findings suggest that examination of sensorimotor function, in addition to that of neurocognitive function, may provide valuable information when determining whether children are ready to return to play sports or not.
Data availability
F1000Research: Dataset 1. Kinematic data from visuomotor adaptation task, 10.5256/f1000research.6575.d48984
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What do the authors believe is being measured by "Direction Error at Trial 1"? It is likely that if a P is complying with instructions, they are more likely to be affected by the rotation on Trial 1.
The graphs in panels a and b need to show the same scale for the control and concussion groups.
The use of the word "deficit" in the title is not justified. The authors have acknowledged that they cannot make direct comparisons between groups, and using the word "deficit" is highly suggestive that the performance of the concussion group is significantly and/or clinically different from the controls. The authors have not demonstrated that. I think this is a very interesting topic and a great start. I think more data is needed (i.e. more Ps are necessary) before differences in learning following concussion can be claimed No competing interests were disclosed.
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I have read this submission. I believe that I have an appropriate level of expertise to confirm that it is of an acceptable scientific standard, however I have significant reservations, as outlined above. 
Lauren Sergio
Center for Vision Research, York University, Toronto, ON, USA This study describes a psychophysical experiment in which three children who had recently experienced a concussion were asked to perform a visuomotor adaptation. Their performance was compared to three children with no concussion history. While the motivation for the study was sound, I have a number of concerns with this manuscript:
Introduction: "However, the association between pediatric concussion and sensorimotor function has not been investigated." An inaccurate statement, de Beaumont has done some work in this area, as has Danckert (review references listed at end).
Methods: Won't Measure 2 always co-vary with Measure 3? Perhaps I am misunderstanding something. The rate of adaptation should always be related to the point at which they reach baseline performance, no?
Major concern: Given the variety in symptoms and behavioural response to concussion, a study using only 3 children should be considered along the lines of a case study, or extremely preliminary data at least, more suitable for an abstract. Minimally, it should be made clear in the intro that this is a case study (only mentioned at end of methods). In general, this type of study is not appropriate as a case study since adolescent concussion is not, unfortunately, a rare or unusual situation. It
Major concern: Given the significant neurocognitive and neurological development between 12 and 15, three age-matched controls would have been better. Also, because of sex-related differences in visuomotor control (see Gorbet 2007 Gorbet , 2011 ) and sex-related developmental et al. differences in this age range, the sex of the children should be stated and matched with controls.
Typically this paradigm includes a 'washout' phase whereby participants do a number of trials in a null field. The level of aftereffect serves as an indication of the extent to which the adaptation was incorporated. This might be useful for the present design.
TMT result: Again, there is the issue of comparing a 12 year old to 15 year olds to a 17 year old, so it is difficult to judge whether this is an age effect or a concussion effect. Age is typically a strong covariate for coordination measures taken pre/post-concussion (see Dalecki 2015) . et al.
It appears that the worse the concussed participant did on the TMT, the later the point of adaption-baseline match (cc1 and cc3 vs cc2). This is something which cannot be explored with n=3, but should be noted and examined with the larger data set.
Conclusion:
The concept and approach are interesting and potentially useful, and indeed the use of sensorimotor impairment in the absence of current-standard symptoms post-concussion is an important area of study. However, the inappropriate presentation as a case study and the lack of age (and sex) controls make it difficult to consider this a full and rigorous study. In its present form it is suitable as a presentation of preliminary data at a conference rather than a cite-able publication. I look forward to seeing the complete study.
Minor comments:
Methods, paragraph 1: grammar issue (tense change) -"Selection criteria for subjects were the same between patients and controls (except their concussion status), which were: subject is 10-17 years of age,regularly participates in an athletic activity, is English-speaking, is right handed, and has no neurological disease or peripheral disorder affecting movement of the right arm." Thank you for your review. In our responses below, we have attempted to address each concern raised by you.
Introduction: "However, the association between pediatric concussion and sensorimotor function has not been investigated." An inaccurate statement, de Beaumont has done some work in this area, as has Danckert (review references listed at end): We believe this statement by the reviewer is incorrect, in that neither study investigated association between concussion and sensorimotor function in . de Beaumont et al. investigated a children motor learning issue in retired athletes aged between 51 and 75 years; and Danckert and colleagues investigated a motor control issue in young adults aged between 17 and 27 years.
Methods: Won't Measure 2 always co-vary with Measure 3? Perhaps I am misunderstanding something. The rate of adaptation should always be related to the point at which they reach baseline performance, no?: Our measures 2 and 3 do not necessarily co-vary with each other, especially given that measure 3 is influenced by the size of direction error at the beginning of adaptation whereas measure 2 is not.
Major concern: Given the variety in symptoms and behavioural response to concussion, a study using only 3 children should be considered along the lines of a case study, or extremely preliminary data at least, more suitable for an abstract. Minimally, it should be made clear in the intro that this is a case study (only mentioned at end of methods): As the reviewer noted, this research note reports movement data obtained from a very small number of children. In fact, we originally intended to publish this short manuscript as a clinical practice article. According to the journal's guidelines, clinical practice articles include series of case reports, which do not need to describe especially novel or unusual cases. During the in-house check, however, the editor decided that our manuscript would be more suitable as a research note. We have now modified the introduction section to emphasize the nature of this study (i.e., observational/case study).
It should be noted if this was the participants' first concussion or not, since this is often an It should be noted if this was the participants' first concussion or not, since this is often an important distinguishing variable in post-concussion recovery rate. It should also be noted if the experimental group members were still symptomatic (via something like a SCAT3): Our patients never had a concussion prior to this one. We did not assess their symptoms on the day they participated in the experiment, although one of the patients (cc1) was not able to speak or walk normally at that time. We have included this information in the methods section now.
Major concern: Given the significant neurocognitive and neurological development between 12 and 15, three age-matched controls would have been better. Also, because of sex-related differences in visuomotor control (see Gorbet 2007 Gorbet , 2011 and sex-related et al. developmental differences in this age range, the sex of the children should be stated and matched with controls: We agree that it would have been better if both age and sex were matched perfectly between the patients and the controls. However, we are not aware of any findings that indicate significant differences between boys and girls within the age range of 12-17 years with regard to their visuomotor adaptation capabilities. There is at least some evidence that visuomotor representations used by children older than 11 years are similar to those used by adults. For example, Ferrel et al. (2001, Exp Brain Res) suggested that during targeted reaching movements under a visuomotor rotation condition, visuomotor representations of children who were 6 or 8 years old differed from those of adults, although those of 11 year-old children did not. In addition, our data do not seem to indicate sex-related differences clearly. For example, the adaptation pattern of cc2 (15 year-old female) appears to be very similar to that of ctls 1 and 3 (12 and 14 year-old males, respectively) in terms of our measures 2 and 3. Thus, it seems unlikely that our results were substantially influenced by age-or sex-related differences among the participants. Nonetheless, we agree that we cannot completely exclude the possibility that age and sex of the participants played some role. Therefore, we have now included additional statements in the discussion section to address this point. We have also provided sex information of our participants in the methods section.
Typically this paradigm includes a 'washout' phase whereby participants do a number of trials in a null field. The level of aftereffect serves as an indication of the extent to which the adaptation was incorporated. This might be useful for the present design: We did not include a washout phase in our present design, but we plan to do so in the future when we can conduct a more rigorous study with a larger sample size.
TMT result: Again, there is the issue of comparing a 12 year old to 15 year olds to a 17 year old, so it is difficult to judge whether this is an age effect or a concussion effect. Age is typically a strong covariate for coordination measures taken pre/post-concussion (see Dalecki 2015): et al. The main result of the present study in terms of TMT is that the TMT scores of all pediatric patients tested in our study (including cc1 whose score was the largest) were below 100 seconds, which is substantially better than the score that is considered deficient (i.e., 273 seconds). Also, our data indicate that the TMT scores of all our subjects except cc1 (15 year-old female) range only from 27 to 53 seconds, which do not appear to vary depending on the subject's age or sex. Thus, it seems unlikely that our TMT result was influenced substantially by the subject's age.
It appears that the worse the concussed participant did on the TMT, the later the point of adaption-baseline match (cc1 and cc3 vs cc2). This is something which cannot be explored with n=3, but should be noted and examined with the larger data set: We agree that this is something that should be examined (when one has a larger data set). However, we would like to point out that the TMT score of cc3 fell within the range of the TMT scores obtained from the controls and that his score was substantially better than the score considered deficient, which indicates that this patient did not suffer from any cognitive slowing.
Given that, our data do not suggest a strong association between TMT performance and Given that, our data do not suggest a strong association between TMT performance and visuomotor adaptation at least in the concussed children who were tested in our study.
Methods, paragraph 1: grammar issue (tense change) -"Selection criteria for subjects were the same between patients and controls (except their concussion status), which were: subject is 10-17 years of age, regularly participates in an athletic activity, is English-speaking, is right handed, and has no neurological disease or peripheral disorder affecting movement of the right arm.": We have changed the tense now. Figure 1a : Is the axis mislabeled for figure 1a (left)? The methods state that there are 40 baseline trials: The reviewer is correct that there were 40 baseline trials. We have corrected this error now. The benefits of publishing with F1000Research:
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